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Abstract 
This paper discusses comparison of unmodulated current controls in permanent magnet synchronous motor (PMSM), more 
specifically, on-off, sliding mode, predictive and hybrid controls. The purpose of this study is to select the most appropriate 
control technique to be adopted. The comparison method is preceded by modeling the motor and entering the values of the motor 
parameters. PI control is used for speed control and zero d-axis current is employed. Furthermore, performing simulation for each 
type of the selected current controls and analyzing their responses in terms of dq and abc currents, q-axis current response with 
step reference, as well as total harmonic distortion (THD). Simulation results show that the on-off control gives the best overall 
performance based on its abc-axis current ripple and THD at large load torque. The hybrid control shows the best response 
occurring only at the fastest transient time of q-axis current but its response exhibits bad qualities compared with other controls. 
The predictive control yields the best responses offering the smallest d-axis ripple current and THD at small load torque 
condition. The sliding mode control, however, does not exhibit any prominent performance compared to the others. Results 
presented in this paper further indicate that for the PMSM used in the simulation the most appropriate control is the predictive 
control. 
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I. INTRODUCTION 
Permanent magnet synchronous motor 
(PMSM) has gradually shifted the use of 
induction motor for small to medium power 
applications. Compared to induction motor, 
PMSM has higher torque to current ratio, higher 
power to volume ratio as well as higher 
efficiency and power factor. In addition, without 
the existence of slip this type of motor is easier to 
control. Vector control that has been employed 
successfully for induction motor can simply be 
applied for PMSM.  
In motor control, the most influencing 
parameter is torque that is proportional to the 
motor speed. Therefore, in a closed loop speed 
control, the control will provide torque reference 
associated with the desired speed. Meanwhile, 
load torque that has opposite correlation with 
system torque is considered as disturbance. To 
obtain a certain value of torque according to the 
reference given by the speed control, a torque 
control inside the closed loop speed control is 
engaged. An example is the direct torque control 
(DTC) which was initially applied for induction 
motor [1] and then was successfully introduced to 
PMSM [2, 3]. 
Since theoretically motor torque is 
proportional to current; hence, controlling current 
in vector control method is basically to control 
the motor torque. Some current controllers that 
have been implemented for PMSM are 
conventional nonlinear control (on-off, 
hysteresis, delta modulation) [4-6], PI control [7-
9], internal model control [10, 11], linear matrix 
inequality [12], resonant control [13], sliding 
mode control [14-16], predictive control [17-22], 
hybrid control [23], and intelligence control [24, 
25]. Furthermore, these controls can be 
categorized basically in two types: with 
modulation [7-15, 17-20, 22, 24, 25] and without 
modulation [4-6, 16, 19, 21, 23]. The modulated 
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control requires a process to calculate the duty 
cycle of pulse width modulation. On the other 
hand, the unmodulated control does not need 
such process since the control provides on and 
off actions directly into the switching 
components of inverter. Additionally, the 
modulated control has a better steady state 
response since its switching frequency is not 
varied. According to [23, 25, 26], PI control with 
PWM gives better steady state response while the 
modern control has better response during 
transient condition. However, [21] demonstrates 
that PI control with PWM could provide better 
response in steady state and transient conditions. 
This paper compares four unmodulated 
current control techniques for a PMSM including 
on-off control, sliding mode control, predictive 
control and hybrid control. Prior to this 
comparison study, the PMSM was manufactured 
and measurement of its parameters had been 
carried out [27]. The objective of this paper is to 
select the most appropriate control technique to 
be adopted. 
 
II. METHODOLOGY 
Comparison method of the characteristic of 
selected current controls is described using the 
flow chart in Figure 1. A block diagram of speed 
control for PMSM is illustrated in Figure 2. The 
speed control sets the reference of q-axis current. 
Below nominal speed, there are some strategies 
for d-axis current reference, those are zero d-axis 
current, maximum torque per ampere (MTPA), 
maximum efficiency, unity power factor and 
constant mutual flux linkage (CMFL) [28]. In 
this study, PI control is used for speed control 
and zero d-axis current is employed due to its 
simplicity and our investigation is focused on 
current control. PMSM is modeled in dq-axis 
with the following equations: 
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where   ,    represent d- and q-axis stator 
voltage,    and    represent d- and q-axis stator 
current,    is Stator resistance per phase,    and 
   represent d- and q-axis inductance,     is 
electromagnetic torque,    is load torque,   is 
motor and load moment of inertia,   is the 
number of pole pair,    is electrical angular 
velocity,    is mechanical angular velocity, and 
  is permanent magnet flux. 
The d- and q-axis currents and voltages are 
obtained by using equation of abc to dq-axis 
transformation: 
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while the inverse transformation from dq-axis to 
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Figure 2. Block diagram of PMSM speed control [28] 
 
Figure 1. Flow chart for characteristic comparison of the 
current controls 
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The three phase inverter topology used to 
drive the PMSM and the voltage space vectors 
are shown in Figures 3 and 4 respectively. There 
are eight control combinations for switching the 
inverter (Table 1) [28]. The value of 1 means the 
upper switch is on and the lower one is off, while 
the value of 0 turns off the upper switch and on 
the lower one.  
 
A. On-off Control 
The on-off control for current control in 
PMSM is shown in Figure 5 [29]. This control 
has two actions of control (i.e. on and off) and it 
is referred to the unmodulated control where 
current references are set on abc axis [28]. 
Therefore, the current references from the speed 
control should be first converted to abc axis. 
 
B. Sliding Mode Control 
Sliding mode control uses sliding surface to 
determine the control action. The sliding surface 
used is [14]: 
 ( )      ( )    ∫  ( )   (8) 
Equation (8) is a PI control algorithm. The block 
diagram of current control on abc axis by using 
sliding mode is illustrated in Figure 6 [14]. The 
selection of abc coordinates on sliding mode 
control follows the same reason as that on the on-
off control. 
 
C. Hybrid Control 
To design the hybrid control for a plant with 
dynamic model below 
  ( )
  
  ( ) (9) 
the following Lyapunov function is applied: 
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To maintain the system stability, the condition 
that should be fulfilled is 
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Or in this case the following should hold: 
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Eq.(1) and (2) can be rewritten as 
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Elaboration of Eq.(13) yields, 
(     
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    (16) 
The eight combinations of the control are then 
transformed into dq-axis and substituted in 
equation (14) and (15). The selected control is the 
 
Figure 4. Voltage space vector of three phase inverter 
Table 1. 
Switching combinations of three phase inverter 
Vector 
Combination of 
Va, Vb, and Vc 
V0 000 
V1 100 
V2 110 
V3 010 
V4 011 
V5 001 
V6 101 
V7 111 
 
 
Figure 6. Sliding mode control [14] 
 
Figure 3. Three phase inverter topology for PMSM drive 
 
Figure 5. On-off control [29] 
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one giving the smallest value in equation (16) 
[23]. The block diagram of the hybrid control is 
shown in Figure 7 [28]. 
 
D. Predictive Control 
Like hybrid control, predictive control also 
applies eight control combinations [29]. 
Integration of equation (14) and (15) is solved to 
obtain id and iq currents to minimize the following 
function [19], 
 ( )   (     
 )   (     
 )
 
 (17) 
 
E. Motor Parameters 
The methods of measurement and calculation 
of the motor parameters have been presented in 
[27] and the results are listed in Table 2. 
III. RESULTS AND DISCUSSION 
The four controllers are simulated with the 
same sampling time (1e
-5
 second) and mechanical 
angular velocity reference of 300 rad/s. The 
simulation is done first by loading the motor with 
the torque of 5 Nm and then changed to 35 Nm in 
0.2 second. Meanwhile, the speed control 
employs PI control with Kp of 30 and Ti of 3 
seconds. The simulation results are depicted in 
Figures 8 to 13. The blue line is the reference 
signal and the red line is the controlled output 
signal. 
Figure 8 describes the mechanical speed of 
the motor implementing on-off control. Within 
0.2 seconds of the given torque, the motor can 
reach steady state in 0.05 seconds (Figure 8a). 
Despite the existence of offset error at steady 
state, the motor control tends to gain the 
reference point (Figure 8b). Figure 9 shows that 
in the steady state the motor torque follow the 
load torque closely. Controlling current by using 
the other control methods yields similar speed 
response to that of the on-off control.  
The q-axis currents of the four controllers 
produce different transient responses as shown in 
Figure 10. From all controls, the predictive 
control is the only one that does not show the 
offset error. Meanwhile the ripple current 
 
(a) 
 
 
(b) 
 
Figure 8. Motor speed characteristics, (a) Time to reach 
steady state, (b) Tendency to gain the reference point 
 
Figure 7. Hybrid control [28] 
Table 2. 
PMSM parameters 
Parameters Magnitude 
P 25 HP 
V 62.5 V 
p 3 pole pairs 
Rs 11.15 mΩ 
m 0.0639 weber 
Ld 0.123 mH 
Lq 0.142 mH 
J 0.004177 kg.m2 
 
 
Figure 9. Motor torque 
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characteristics of the predictive and hybrid 
controls reveal uniform frequency, although their 
amplitudes are higher than that of the on-off and 
sliding mode controls. Figure 11 illustrates the 
simulation of the transient response when the step 
reference is applied.  
The results are summarized in Table 3 which 
shows that hybrid control yields the fastest 
transient time while the predictive control is the 
slowest. The replenishment of PI control in the 
on-off control (turns to sliding mode) does not 
improve the response of the system at steady 
state. Both on-off and sliding mode controls 
generate an average of q-axis current lower than 
the reference or what so called the offset error. 
Sliding mode control does not seem to reduce the 
 
Figure 10. q-axis currents (a) On-off control (b) Sliding mode control (c) Predictive control (d) Hybrid control 
 
 
Figure 11. q-axis currents with step reference (a) On-off control (b) Sliding mode control (c) Predictive control (d) Hybrid 
control 
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ripple produced by on-off control since both 
make use of the same final action that is without 
modulation. 
Currents in the d-axis of the four controls are 
shown in Figure 12. It appears that the on-off 
control and sliding mode control give large d-axis 
ripple currents, followed by the hybrid control 
and predictive control the smallest. The abc-axis 
currents of the four controls are exhibited in 
Figure 13. Paying attention to the peak of the 
sinusoidal wave, the ripple current produced by 
each controller in the order from the smallest to 
the largest are by the on-off control, sliding mode 
control, predictive control and hybrid control. 
 
Figure 12. d-axis current (a) On-off control (b) Sliding mode control (c) Predictive control (d) Hybrid control 
 
 
Figure 13. q-axis currents (a) On-off control (b) sliding mode control (c) Predictive control (d) Hybrid control 
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Tables 4 and 5 respectively represent THD of the 
motor when it is started with 35 Nm and 5 Nm of 
the load torque. From the two tables, it can be 
seen that the smallest harmonics is attained by 
two controllers at two opposite conditions, those 
are at low torque by the predictive control and at 
large torque by the on-off control. Meanwhile the 
hybrid controls always generate high harmonics 
at both conditions. 
 
IV. CONCLUSION 
Comparative study of the four unmodulated 
current controls, namely on-off control, sliding 
mode control, predictive control and hybrid 
control, has been performed. Computer 
simulations were conducted to investigate the 
responses from each controller on their dq-axis 
and abc currents, transient response, q-axis 
current response with step reference, as well as 
THD at small and large load torques. The 
simulation results show different characteristics 
of each controller that can be concluded as 
follows: 
- Good characteristic of the hybrid control is 
observed at the transient response of q-axis 
current (290 s) while other conditions yields 
bad quality of responses. 
- The predictive control exhibits poor 
performance at the transient response of q-
axis current (380 s). Its best responses are 
represented by the smallest of both d-axis 
ripple current and THD at 5 Nm of load 
torque. With other test conditions, its 
performance is good as indicated by its q-axis 
ripple current responses without offset error at 
steady state. 
- The on-off control produces is superior in 
both abc-axis ripple currents and THD at 35 
Nm. However, its good performances are 
hindered by the existence of the offset error in 
q-axis current responses. 
- The sliding mode control does not 
demonstrate a stand out performance 
compared to others. Generally, its response 
qualities are in between the on-off and 
predictive controls. 
- Looking at overall performances, results of 
this study show that the most appropriate type 
of control for the given PMSM is the 
predictive control. 
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